Steelmaking slag is a by-product of steel making. It has been reused as a material for civil engineering, pavement construction etc. For such applications, it is extremely important to evaluate the amount of free lime, which has the chemical form of calcium monoxide (CaO) and can cause the failure of mechanical properties by volume expansion through absorption of water or carbon dioxide gas. So far, various chemical analyses of the free lime content have been employed that are frequently combined with ethylene glycol extraction. Unfortunately the method does not always distinguish the chemical form of calcium. In the present paper, we propose the use of X-ray diffraction. The technique can clearly show the existence of different chemical forms of calcium, such as CaO, Ca(OH)2, CaCO3, and calcium silicates such as Ca2SiO4 and other forms as different peaks. As the technique is non-destructive, one can also use other chemical analyses for the same samples. The amount of free lime can be determined by the standard addition method. In our study, the content of free lime in slag powder of under 32 micron dia was determined as 11.5 mass%. It was also found that the amount of free lime can be effectively decreased to 3-5 mass% by hot steam and/or carbonation processes.
Introduction
Slag is a by-product of iron and steel production. It is roughly divided into blast furnace slag (generated in iron production) and steelmaking slag (generated in refining iron to steel). Steelmaking slag is generated in the steelmaking process in the amount of 110 kg per ton of crude steel. A very large amount of steelmaking slag is generated in the context of the substantial amount of steel produced per year. According to the Nippon Slag Association, cumulative field sales of steelmaking slag product in Japan since 1987 amount to 180 million tons. Slag production on such a large scale means that slag is now frequently in use in various sectors such as civil engineering, road-building, etc. rather than being deposited in landfills. In contrast, nearly 50 million tons of steelmaking slag is generated in China per year but utilization is only 10%. The large unused portion has been deposited in areas adjacent to steel manufacturing plants, occupying a large amount of farmland and polluting the environment. 1) As steelmaking slag contains a large amount of free lime (CaO), it could lead to the risk of degradation of mechanical properties through volume expansion via water absorption. [2] [3] [4] Therefore, slag usually requires some kind of stabilization, i.e., changing the chemical form of free lime. Though the methods are still under development, some available processes are carbonation and stabilization by hot steam. 5) As such, it is extremely important to determine the amount of residual free lime in the slag after such stabilization. So far, determination of free lime has been frequently done by the ethylene glycol extraction method. 6, 7) Unfortunately, the method is not always straightforward, because it does not distinguish the chemical form of calcium.
In the present paper, we describe how X-ray diffraction is useful in evaluating the effects of slag stabilization. As the technique is non-destructive, one can use other chemical methods for the analyses of the samples. X-ray diffraction can clearly show the existence of different chemical forms of calcium, such as CaO, Ca(OH)2, CaCO3, and calcium silicates such as Ca2SiO4 as different peaks. 8) Therefore it is extremely helpful to examine how free lime decreases, for example, by use of hot steam and/or carbonation. We propose the use of the standard addition method, [9] [10] [11] which deduces the calibration curve as a function of the addition of CaO.
Experimental
The steelmaking slag samples were provided by the Nippon Steel Company. The details of the samples have been described elsewhere. 5) Three types of steelmaking slag were examined in this work. The first one was as received, and was not stabilized at all. The other two types were stabilized by hot steam, and by carbonation, respectively. Upon receipt, the slag samples were mechanically crushed in a © 2014 ISIJ mortar to a very fine powder. All samples were kept in a dry box. The obtained powder was sieved so that only grains smaller than 32 μm could be employed for X-ray diffraction experiments. According to chemical analysis with the ethylene glycol extraction method, the free lime content is 5.78% for unstabilized particles of around 1 mm dia. 5) As it is known that the free lime content of slag strongly depends on the particle size, concentration of free lime can be different for grains smaller than 32 μm. Therefore we intend in the present work to focus on demonstrating just how powerful X-ray diffraction is when discussing the remaining free lime content, rather than making a comparison with the ethylene glycol extraction method.
X-ray powder diffraction (Rigaku RINT Ultima III, 40 kV -40 mA, Cr Kα radiation with vanadium filter, wavelength 0.229 nm) was selected to analyze the slag samples. The diffraction pattern includes information about peak positions and intensity. While the peak positions relate to the crystal structure and symmetry of the contributing phase, the peak intensities reflect the total scattering from each plane in the phase's crystal structure, and are directly dependent on the distribution of particular atoms in the structure. In the present case, we chose the 200 reflection from CaO (observed at around 2θ = 57.35 deg) because it was the most intense of all reflections from CaO. But information on the absolute content may come only indirectly from the experimentally obtained peak intensity because of many sampledependent factors such as the absorption effect inside the slag powder. Therefore, in the present study, the standard addition technique 6) was employed. This method requires several sets of the same slag powder mixed with CaO powder of varying ratios. When plotting the X-ray diffraction intensity of the 200 reflection of CaO as a function of concentration, one can obtain some linear relationship. The Xintercept gives the concentration of free lime in the slag powder. The technique is reliable because it distinguishes crystalline CaO from other chemical forms of calcium.
Results

X-ray Diffraction Analysis of Composition of Steelmaking Slag
We investigated the composition of the steelmaking slag by X-ray powder diffraction in combination with the standard addition method as a new surrogate technique as opposed to the frequently used ethylene glycol method. Figure 1 shows typical X-ray diffraction patterns (XRD) of the steelmaking slag powder obtained by the X-ray diffraction method (step 0.02 deg, counting time 3 s). One can clearly identify all calcium-base materials (CaO, Ca(OH)2, CaCO3, and calcium silicates such as Ca2SiO4 as well as oxides of iron (FeO, Fe2O3, and Fe3O4) and manganese (Mn2O3) in this pattern. In the angular area of around 2θ = 50 deg, some peaks of Ca2Fe2O5 can overlap with the simple iron and manganese oxides above. The slag sample may sometimes include such complex oxides. The peaks from silicate patterns were not assigned, because they are complicated and are not main issues in the present study. and in steelmaking slag treated by carbonation and hot steam. Figure 3 shows CaO 200 reflections of the three samples, and the integrated intensities are 5 472 (as received), 12 280 (hot steam treatment), and 22 280 (carbonation), respectively. In other words, the X-ray diffraction peak shrank by means of hot steam (55.1%), and carbonation (24.6%). It was clearly found that treatment via a hot steam or a carbonation process could halve the amount of free lime or even reduce it to a quarter.
Heating of Steelmaking Slag
The slag powder was heated in a furnace for 3 hours at 1 000°C in air to investigate the dependence of the slag's composition on heating. Figure 4 shows the change in Xray diffraction patterns of the same steelmaking slag sample by heating. As clearly seen, almost all Ca(OH)2 and CaCO3 are decomposed to CaO by heating. The amounts of Mn2O3, Fe2O3 and Fe2O3 also increase after the heating process, while peaks from FeO diminish. It was found that the position of CaO 200 reflection shifts from 2θ = 57.35 deg to 2θ = 56.85 deg after heating, which corresponds to the change of the lattice constant from 0.478 nm to 0.482 nm. One possible reason may be the removal of impurities in CaO crystals during heating.
Determination of the Amount of CaO in Steelmak-
ing Slag To determine the amount of CaO in the steelmaking slag, we chose the 200 reflection of CaO (2θ = 56.8 deg) and obtained the calibration curve by the standard addition method using pure CaO powder. Figure 5 shows several CaO 200 reflections of the steelmaking slag and CaO mixtures used for the standard addition method. The position of the CaO 200 reflection from the slag sample is located at 2θ = 57.35. On the other hand, the position of the same reflection from pure CaO is located at 2θ = 56.85 deg. The difference may be caused by impurities in CaO from the slag, as discussed earlier when looking at the heating effects. The obtained intensity data are tabulated in Table 1 . The intensity was then plotted as a function of the concentration. As shown in Fig. 6 , it has a linear relation, and the intercept gives -11.5, which leads to the conclusion that 11.5 mass% of crystalline CaO is contained in the as received (non treated) steelmaking slag. We attempted the same analysis of the processed slag samples by hot steam treatment and carbonation to evaluate the amount of decreased CaO. However, unfortunately, it was found that the analysis can return quite a big error owing to the fairly low intensity, indicating that the amount of CaO had already become very small. As already If we use the ratio for estimation, the remaining free lime content is around 3-5 mass% after the treatment. As Xray methods are sensitive only to crystalline matter, one can distinguish free lime (CaO) from any other chemical forms including silicates and even non-crystalline forms.
Discussion
We analyzed three different steelmaking slag samples (pure slag, slag stabilized by hot steam and slag stabilized by carbonation) using X-ray powder diffraction and found calcium-based materials (CaO, Ca(OH)2, CaCO3, and calcium silicates such as Ca2SiO4 as well as oxides of iron and manganese (FeO, Fe3O4, Fe2O3, and Mn2O3) in the X-ray diffraction pattern as shown in Figs. 1 and 2 . According to our experiment, we found that the amount of free lime (CaO) decreased considerably via treatment.
The sample treated by hot steam contains a larger amount of Ca(OH)2 than the untreated sample, and the sample stabilized by carbonation contains a larger amount of CaCO3 and a certain amount of Ca(OH)2. We found that after heating in air up to 1 000 C for 3 hours, CaCO3 and Ca(OH)2 were entirely changed to CaO in the steelmaking slag heating experiment (Fig. 4) . We also found a small shift in the position of the CaO 200 reflection caused by the removal of impurities from CaO crystals during the heating procedure and changes in its structure.
From quantitative analysis of the steelmaking slag using X-ray powder diffraction and the standard addition method, we were able to determine the free lime content as 11.5 mass% in the untreated, as received slag. The precision of these measurements can be influenced by the homogeneity of the steelmaking slag because we used only less than 100 mg of slag powder for one measurement. Air humidity may also influence these measurements, because steelmaking slag powder can easily absorb water from air and some free lime can be changed to Ca(OH)2. It is important to use the slag powder a short time after crushing. It is also worth noting the effect of grain size when considering practical applications. X-ray diffraction intensity is influenced by absorption, and the attenuation length of diffracted X-rays from CaO is around 8 μ m. Typical slag powder grain sizes are as large as 0.1-1 mm, and sometimes much larger. When employing X-ray diffraction, it is necessary to choose a fine powder.
The present study is for powder with grain sizes smaller than 32 μm, but some grain size effect may still remain if grains larger than 8 μm make a certain contribution.
Conclusion
We have investigated the composition of steelmaking slag by the X-ray powder diffraction method and identified calcium-base materials (CaO, Ca(OH)2, CaCO3, and calcium silicates such as Ca2SiO4 as well as oxides of iron and manganese (FeO, Fe3O4, Fe2O3, and Mn2O3) in the X-ray diffraction pattern. Two X-ray diffraction patterns of the same steelmaking slag sample measured before and after the heating procedure were analyzed. We used powder X-ray diffraction and the standard addition method for quantitative analysis of steelmaking slag composition. We found 11.5 mass% crystalline CaO in as received slag, and the content became 3-5 mass% by means of treatment via hot steam and carbonation.
